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Active oxygen species including hydrogen perox-
ide (H202) play a major role in ischemia-reper-
fusion injury. In the present study, changes in
myocardial H202 content as weUl as its subcelu-
lar distribution were examined in rat hearts sub-
jected to iscbemia-reperfusion. Isolated per-
fused rat hearts were made globally ischemicfor
20 or 30 minutes and were reperfusedfor differ-
ent durations. H202 content in these hearts was
studied biochemicaly and changes were corre-
lated with the recovery offunctionw These hearts
were also analyzed for subcelular distribution
ofH202. Optimal conditions oftissueprocessing
as weU as incubation medium were established
for reacting cerium chloride with H202 toform
cerium perhydroxide, an insoluble electron-
dense product. The chemical composition of
these deposits was confirmed by x-ray micro-
analysis. Global ischemia caused complete con-
tractilefailure in minutes and after30 minutes of
ischemia, there was a >250% increase in the
myocardial H202 content. Depressed contractile
function recovery in the early phase of reperfu-
sion was accompanied by approximately a 600%
increase in the myocardial H202 content. Brief
pre-fixation with low concentrations ofglutaral-
debyde, inhibition of alkaline phosphatase, glu-
tathione peroxidase, and catalase, post-fixation
but no post-osmication, and no counterstaining
yielded the best cytochemical definition ofH202.
In normal hearts, extremely smaU amounts of

cerium hydroperoxide precipitates were located
on the endothelial cells. X-ray microanalysis con-
firmed the presence of cerium in the reaction
product. Ischemia resulted in a stronger reac-
tion, particularly on the sarcolemma as weU as
abluminal side ofthe endothelial cells; and upon
reperfusion, ceriumprecipitate reaction at these
sites was more intense. In the reperfused hearts,
the reaction product also appeared within mito-
chondria between the cristae as weU as on the
myofibrils, but Z-lines were devoid ofanyprecip-
itate. The data support a significant increase in
myocardial H202 during both thephase ofische-
mia and the firstfew minutes of reperfusion. A
stronger reaction on the sarcolemma and ablu-
minal side of endothelial ceUs may also indicate
enhanced H202 accumulation as weU as vulner-
ability of these sites to oxidative stress injury.
(Am J Pathol 1995, 147:772-781)

A number of studies have demonstrated that the
oxygen free radicals play a major role in the patho-
genesis of myocardial dysfunction in a variety of con-
ditions including ischemia-reperfusion.1 - Among
different activated oxygen species, H202, which is
not a free radical, has a relatively longer half-life and
may play a significant role in oxidative stress in-
jury.10,1 Different oxidases of the heart, especially
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xanthine oxidase, monoamine oxidase, and NADH
oxidase produce H202, which directly and/or indi-
rectly through the production of highly reactive hy-
droxyl radicals can cause myocardial injury.12-15 Su-
peroxide anion also gives rise to H202 by
spontaneous dismutation and/or catalysis by super-
oxide dismutase. Ultimately, H202 is reduced to wa-
ter by reactions involving catalase and/or glutathione
peroxidase.
To fully understand the role of free radicals in

health and disease, their cellular and subcellular
sources need to be understood. However, because
of an extremely short half-life, in vivo estimation as
well as distribution of active oxygen species in bio-
logical systems has been difficult. Different tech-
niques such as electron paramagnetic resonance
spectroscopy, measurement of malondialdehyde
and glutathione levels, and changes in antioxidant
enzymes have been used to estimate oxidative
stress.4'9'13'16-19 These approaches at best provide
an aggregate assessment and do not provide any
information about the in situ subcellular distribution of
different free radicals such as can be revealed by a
cytochemical approach.

In previous studies, H202 precipitation with ce-
rium chloride (CeC03) has been used in the cyto-
chemical demonstration of oxidases with a limited
success20,21 because of the potential contamination
of the precipitate with unknown elements. Further-
more, administration of cerium by perfusion to iso-
lated globally ischemic hearts demonstrated precip-
itates "almost exclusively at the luminal face of
endothelial cells.'21 Such a unique luminal localiza-
tion of precipitate may also have been the result of a
limited access of cerium at other sites. In the same
study, addition of CeCI3 also caused contractile fail-
ure within seconds.21 Thus, effects of reperfusion on
function recovery in relation to H202 changes were
not reported. In the present study, biochemical, cy-
tochemical, and x-ray microanalysis approaches
were used to define H202 changes during ischemia-
reperfusion in rat hearts.

Materials and Methods

Ischemia-Reperfusion
For ischemia-reperfusion studies, male Wistar rats
weighing 200 to 250 g were killed by decapitation,
and hearts were rapidly excised and mounted on a
glass cannula. Hearts were perfused retrogradely at
a constant coronary perfusion rate of 8 ml/minute
with a Harvard peristaltic pump. The perfusion me-
dium consisted of a modified Krebs-Henseleit solu-

tion containing (in mmol/L) 120 NaCI, 25.4 NaHCO3,
4.8 KCI, 1.2 KH2PO4, 0.86 MgSO4, 1.25 CaCl2, and
11.0 glucose and was continually gassed with a
mixture of 95% 02/5% C02 to maintain pH at 7.4.
Both atria were trimmed away and the atrioventricu-
lar nodal tissue was crushed. These quiescent
hearts were paced supramaximally at a frequency of
3 Hz during the entire experiment. Myocardial devel-
oped force was recorded by a force displacement
transducer (Grass FT.03) attached by hook ligature
to the apex of the heart. A small ventricular drain was
made in the apex to drain the thebesian circulation.
A preload tension of 2.0 g was applied to all hearts to
achieve an optimal force-tension relationship. The
heart was placed in a glass jacket, which was cov-
ered at the top to create a humid environment and
was maintained at a constant temperature (370C).
Hearts were allowed to stabilize for 5 minutes with
normally oxygenated Krebs-Henseleit buffer. Global
ischemia was induced by clamping the aortic flow
cannula to have zero flow rate and reperfusion was
done by reinstituting the aortic flow with Krebs-
Henseleit buffer. For the study of changes in devel-
oped force, 10 hearts were made globally ischemic
for 30 minutes followed by reperfusion for 15 min-
utes.

Tissue Stabilization
Before the cytochemical reaction was started, the
hearts were pre-fixed for 4 minutes by perfusion at
room temperature with 0.25% glutaraldehyde in 0.1
mol/L PIPES-NaOH buffer, pH 7.8, which enabled
preservation of both the ultrastructure as well as
enzyme activities.22 These partially fixed hearts were
perfused for another 5 minutes with the PIPES buffer
with 5 mmol/L levamisole and 10 mmol/L triazole and
sliced into 40-,um-thick sections, with a TC-2 Sorvall
tissue sectioner. Epicardial and endocardial layers
were cut away and only the midmyocardial portions
were used. For cytochemical distribution of H202,
five hearts each were used at the following time
points: control; 20 minutes of ischemia; 30 minutes of
ischemia; and 20 minutes of ischemia followed by
reperfusion for 2, 5, and 8 minutes.

Cytochemistry
The slices were incubated for 60 minutes at 370C in
the medium containing 3 mmol/L CeC63, appropriate
substrates as well as inhibitors in 0.1 mol/L PIPES
buffer. The list of substrates for different enzymes
include 0.1 mmol/L xanthine for xanthine oxidase,
0.7 mmol/L NADH for NADH oxidase, 0.1 mmol/L
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urate for urate oxidase, 0.1 mmol/L tyramine for
monoamine oxidase, and 10 mmol/L D-proline for
D-amino acid oxidase. The list of inhibitors of different
enzymes included 10 mmol/L 3-amino-1 ,2,4 triazol
(an inhibitor of catalase and glutathione peroxidase),
5 mmol/L levamisole (inhibitor of alkaline phos-
phatase), 10 mmol/L kojic acid (inhibitor of D-amino
acid oxidase), 1 mmol/L KCN (inhibitor of cyto-
chrome oxidase), 1 mmol/L chlorpromazine or 10
mmol/L chlorgylin (inhibitor of monoamine oxidase),
20 mmol/L oxonic acid (urate oxidase inhibitor), 20
mmol/L oxypurinol (xanthine oxidase inhibitor), 20
mmol/L trichloropurine (xanthine oxidase and urate
oxidase inhibitor), and 1 mmol/L EDTA (5' nucleoti-
dase inhibitor). These chemicals were tested to op-

timize the production, specificity, as well as preser-

vation of H202. The optimal incubation medium
included xanthine (0.1 mmol/L), tyramine (0.1 mmol/
L), levamisole (5 mmol/L), triazole (10 mmol/L), and
CeC13 (3 mmol/L) in PIPES buffer. Besides using
activators and inhibitors of enzymes, experiments
without CeCI3 and/or with catalase and glutathione
peroxidase were also performed. All chemicals were

purchased from Sigma Chemical Co. (St. Louis, MO)
and were of the highest purity grades.

Processing for Electron Microscopy
After incubation and rinsing in 0.12 mol/L cacodylate
buffer (pH 7.4), sections were post-fixed in 2% os-

mium ferricyanide or in 2.5% glutaraldehyde in ca-

codylate buffer (without post-osmication) for 1.5
hours at 40C. The sections were then dehydrated
and embedded in Epon 812. Stained or unstained
ultrathin sections of osmicated or nonosmicated tis-
sues were examined. For each experimental condi-
tion, 30 micrographs were studied and the intensity
of the reaction was analyzed by a person who did not
know the experiment.

X-Ray Microanalysis
Semithin (100 nm), unstained, unosmicated sections
were carbon coated and analyzed at a tilting angle of
300 in the scanning transmission mode of a JEOL
JEM 1200 EX electron microscope equipped with a

LINK 860 x-ray spectrometer. Although the probe
size was 10 nm, because of electron scatter and the
divergence of a convergent probe, the spatial reso-

lution was less than 10 nm. An anticontamination
device and a cold trap were used. For phosphorous
analysis at 80 kV, Ka-line x-ray counts were net
integrals within the window 1900 to 2140 eV. For
cerium, La1-line x-ray counts were net integrals

within the window 4600 to 5000 eV. The detection
limit under instrumental and operating conditions of
analysis was between 300 and 700 ppm for both
cerium and phosphorous. To precisely characterize
metals in the reaction product in these sections, in
vitro reactions were performed with defined chemi-
cals (H202 plus CeCl3 and K3PO4 plus CeCI3). The
precipitate from these in vitro reactions was centri-
fuged, embedded in Epon, sectioned in the same
way, and x-ray microanalyzed.

Hydrogen Peroxide Analysis
For biochemical studies of H202, five hearts each
were analyzed for control, 30 minutes of ischemia,
and 30 minutes of ischemia followed by reperfusion
for 2 and 8 minutes. Hearts without any pre-fixation
were homogenized (10%, w/v) in a buffer containing
0.033 mol/L Na2HPO4 and 0.9% KCI (pH 7.4) at 40C.
The homogenate was centrifuged at 40,000 x g for
45 minutes and the supernatant was used for H202
analysis. Rapid peroxide-mediated oxidation of fer-
rous to ferric ion under acidic conditions in the pres-
ence of xylenol orange dye was followed as de-
scribed.23 For the working reagent, 1 ml of solution A
containing ammonium ferrous sulfate (25 mM) and
sulfuric acid (2.5 M) was mixed with 100 ml of solu-
tion B containing sorbitol (100 mM) and xylenol or-
ange (125 ,umol/L) in water. A 0.1-ml volume of su-
pernatant was added to 1 ml of working reagent,
mixed well, and incubated at room temperature for
15 minutes. The absorbance was read at 560 nm in
a Spectronic 601 spectrophotometer. The values ob-
tained from this assay were plotted against a stan-
dard curve with 1 to 50 ,tmol/L concentrations of
H202. Peroxide standards were made fresh from a
30% H202 stock solution. The stock solution was
standardized by using 43.6 (mol/L)-1 cm-1 as the
molar extinction coefficient at 240 nm. The absolute
values of H202 are expressed in nanomoles per
gram of wet weight of the heart tissue. A known
amount of H202 (5 ,umol/L) was added to the homog-
enization buffer to assess the recovery of H202 with
this technique and it was found to be 87 ± 5%.

Statistical Analysis
Data are expressed as the mean ± SEM. For a
statistical analysis of the data, group means were
compared by one-way analysis of variance, and
Bonferroni's test was used to identify differences
between groups. Statistical significance was accept-
able to a level of P < 0.05.
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Figure 1. Nontischemic conitrol myocardium processed for IHIO, dema-
onstration. Aftaint reactiotn (arrowvs) is seeni on theplasma membranie
as well as pinocYtotic vesicles in the etndothelial cells (ec). A very ftaint
reaction (arrow) on the sarcolemma (s) is niot easily, discernible. Light
anorphonis stainiing around the mitochondria is nonspecific staining
(arrow'heads). Bar is 0.5 ni.

Results

Distribution and Analysis of Cerium
Precipitate
In pre-fixed tissue, incubated with a complete reac-
tion mixture containing all substrates but no inhibi-
tors, electron-dense deposits were noticed extracel-
lularly as well as in and around all subcellular
structures without any specificity of localization.
These reaction products contained precipitates with
varied morphological appearances including nee-
dle-like, scaly, star-shaped, and bead-like configu-
rations. These characteristic appearances of the
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precipitate were distinct from an electron-dense faint
staining of subcellular structures even in non-osmi-
cated tissues. When levamisole, an inhibitor of alka-
line phosphatase, was used, a significant reduction
in nonspecific electron-dense deposits was noticed.
Simultaneous inhibition of glutathione peroxidase as
well as catalase with triazole gave reproducible def-
inition of reaction products. Addition of the step in-
volving 5 minutes of preperfusion of the heart with
these inhibitors significantly refined the quality of the
reaction (Figure 1). In all figures, tissue was non-
osmicated and the sections were unstained unless
mentioned otherwise. In a normal, non-ischemic tis-
sue, an extremely fine-grain weak reaction product
was seen on both luminal and abluminal sides as
well as in the pinocytotic vesicles of the endothelial
cells. A very faint reaction seen on the sarcolemma in
the normal myocardium was not a consistent finding.
Even in non-osmicated sections a light amorphous
staining was noticed around mitochondria which is
not to be confused with the precipitate (Figure 1).
Inhibition of individual oxidases with different agents
(kojic acid, KCN, chlorpromazine, oxonic acid, oxy-
purinol, trichloropurine, and EDTA) did not substan-
tially modify the cytochemical distribution.

To identify the proportion of cerium perhydroxide
in the precipitates in these sections, x-ray microanal-
ysis of the precipitates obtained in vitro but embed-
ded and sectioned like tissue was also done (Figure
2). The relative contributions of cerium perhydroxide
and cerium phosphate (Ce/P) in precipitates were

Figure 2. X-ray microanal"sis data of precipi-
tates prepared in vitro is shown itn the tnpper
three panels anzd the corresponding characteris-
tic morphology of each precipitate is shown in
the lower three panels. A: Prepared from the
reactioni of cerium chloride with potassizunm
phosphate. B: Reaction mixture as in A: bnit with
a small amountt qo H202 also added. anid C:
Prepared from the reaction of cerium chloride
with hYdrogen peroxide. Magnification lin?e
shoun in the loner panel is the same for all
micrographs except Jbr the louwermost micro-
graph in B: where the magnification u'as twice
that represenitced bh' the linle. Bar is 0. 5 pm.
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Table 1. Recovery of Developed
in Isolated Rat Hearts

Force upon Reperfusion

Reperfusion time (minutes) Developed force (%)

1
2
4
6
8
10
15

12 ±
18 ±
17 ±
42 ±
88 ±
90 ±
92 ±

5*
8*
8*

10*
10
12
12

Isolated perfused hearts were made ischemic for 30 minutes
and reperfused for different durations. Values are expressed as a
percentage of preischemic (5 minute) controls. Data are
expressed as mean + SEM of 10 hearts.

* P < 0.01, significantly different from preischemic control
values. Control value of contractile force was 1.85 + 0.19 g/g
heart weight.

assessed from the ratios of net integrals of the ce-

rium peaks (CeLa1) and phosphorous peaks (PKa).
Each different (Ce/P) ratio revealed a distinct mor-

phological appearance (Figure 2, A-C). Mixing of
cerium chloride and phosphate yielded the Ce/P
value of 3 indicating cerium content to be three times
higher than the phosphorus content. Morphologically
it showed characteristic, less compact, and scaly
precipitates (Figure 2A). Mixing of cerium chloride,
H202, and phosphate resulted in two types of pre-

cipitates: one with a dense core surrounded by very

tiny needles and the other with a star-shaped ap-

pearance (Figure 2B). The Ce/P ratio in both cases

was approximately 4. A mixture of pure H202 and
cerium chloride gave the highest Ce/P ratio of 16 and
compact precipitates, joined end to end, took a

beaded appearance (Figure 2C). Precipitates in sec-
tions from the normal heart (Fig 1) showed a ratio of
approximately 3. Despite the inhibition of alkaline
phosphatases, the precipitate always contained a

small amount of phosphate (PKa) peak.

Ischemia-Reperfusion

The contractile force during control perfusion was

normalized to 100% for each heart and mechanical
function was determined by comparing the contrac-
tile activity of each heart with its own preischemic
(5-minute) control value; these data are shown in
Table 1. In global normothermic ischemia lasting 20
or 30 minutes, there was a complete failure of the
mechanical function within minutes. Upon reperfu-
sion, the recovery of developed force was only par-
tial for up to 6 minutes. A significant improvement of
the contractile function was noted within 7 to 9 min-
utes of the reperfusion and the developed force was
no longer statistically different from controls.

Figure 3. Myocardial H,O, in control (CONT), 30-mintile ischemic
(ISC), and 2- and 8-minute reperfused (REP) hearts. AlthoughbH202
recovery with this procedure wtas 87 5%, the percent recovery in all
groups as wvell as in the standard curve was comparable. Thus the
values shown here were not corrected. Data are mean + SE offive
hearts. ***P < 0.001 as compared with the control group. *P < 0.05
compared wvith control and 2-minute reperfused hearts.

Control, ischemic, and ischemic-reperfusion
hearts were utilized for biochemical analysis of H202
and the data are shown in Figure 3. Global ischemia
resulted in more than a 250% increase in myocardial
H202. Upon reperfusion, the increase in H202 con-

tent at 2 minutes was approximately 600% as com-

pared with control hearts. This was followed by a

significant decline at 8 minutes. Although H202 lev-
els at 8 minutes were reduced to almost one-half of
that seen at 2 minutes of reperfusion, the values were
still higher than controls.

Hearts were perfusion fixed at the end of 20 and
30 minutes of ischemic durations as well as after 2, 5,
and 8 minutes of reperfusion. Hearts were pro-

cessed for H202 localization according to the proce-

dure established in this study. After 20 minutes of
ischemia, there was an increase in the precipitates
on the sarcolemma as well as abluminal side of the
blood vessel (Figure 4). A substantial increase was

seen on the outermost aspect of the basal lamina on

the abluminal side of capillaries as well as on the
outer layer of the glycocalyx of the sarcolemma (Fig-
ure 4). Pinocytotic vesicles in the endothelial cells
also showed a stronger reaction than was seen in the
normal hearts. The majority of the precipitate gran-

ules with a dense core showed a Ce/P ratio of 3.
Extending the ischemic duration to 30 minutes did
not make any significant change in the distribution or

intensity of the cerium precipitate.
Intensity as well as distribution of the reaction

product in 20-minute or 30-minute ischemic hearts
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Figure 4. Electron micrograph ofa 20-minute ischemic myocardium. Figure 6. High power electron micrograph of a myocyte from reper-
Processing for H202 demonstration was similar to that in Figure 1. fuised heart demonstrating scaly orfine grain precipitate localized on
Note a substantial increase in theprecipitate mainly on the abluminal myofibrils (mf) and in between the mitochondrial cristae ( m) (arrow-
surface (bl) ofthe endothelial cells (ec) as well as on the outer layer of heads). Z-lines (arrows) arefree ofany precipitate. Bar is 0.5 pum.
the glycocalyx of the sarcolemma (s). Two-layered localization of the
precipitate can be seen (arrows). Many pinocytotic vesicles (arrou'-
1 4 n / roeaas) also snow reaction. Bar is U.) p.m.

reperfused for 2 or 5 minutes were similar and were
significantly more than ischemia with no reperfusion
or 8-minute reperfused hearts. Subsequent cyto-
chemical data on H202 localization is from 20-minute
ischemic hearts reperfused for 5 minutes. The pre-
cipitate was found in larger quantities on the sarco-
lemma as well as some other subcellular structures
also showed deposits (Figures 5 to 8). Sarcolemmal
localization appeared in two layers (Figure 5). At a
higher magnification, an inner layer consisting of tiny
granules was localized on the plasma membrane
and an outer layer consisting of coarser granules or
star-shaped deposits appeared on the outermost
aspect of the glycocalyx (Figure 5, inset). Precipitate
composed of either scaly or fine granules of rela-
tively uniform size was also found on the myofibrils,

but Z-Iines were characteristically negative (Figure
6). A similar type of precipitate was also seen within
the mitochondria, localized in between the cristae
membranes (Figure 6). A precipitate in endothelial
cells was randomly distributed throughout the cell
with larger amounts confined to luminal and ablumi-
nal surfaces (Figure 7). On the abluminal surface, the
precipitate appeared in two prominent layers repre-
senting plasma membrane and the outermost aspect
of the basal lamina (Figures 7 and 8). Some of the
pinocytotic vesicles were also intensely stained.
Morphologically, there were two types of precipi-
tates, one with a dense core (Figure 7) and the other
with a star-shaped appearance (Figure 8) similar to
the ones described in Figure 2B. There were also a
few star-shaped precipitates present in the extracel-
lular space not corresponding to any particular
structural morphology (Figure 8).

Figure 5. H202 localization in myocardium reperftisedfor 5 minutes. Figure 7. Reperfused myocaraium (5 minutes). Distribution ofprecip-
Precipitate deposits are localized on the sarcolemma (s) in two distinct itate on the endothelial cell (ec). A significant increase in the reaction
layers (arrows). Inset shows better details ofstar-shaped as well asfine for H202 on surfacesfacing extracellular space (ecs). Note the double-
grain precipitate on the cellular structures. Small amount offine grain layered pattern on abluminal surface ofendothelial cell (arrows) and
(inset) as well as scaly precipitate is resticted to myofibrils (mf) and a lower intensity of the precipitate on luminal side (arrowhead). cl,
mitochondria (m). Bar is 0.5 p.m. capillary lumen; s, sarcolemma. Bar is 0.5 ,um.
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Figure 8. Electron micrograph of a reperfused myocardium (5 min-
utes) demonstrating mostly spiky precipitates. An intense reaction
(arrows), as a double layer on the abluminal surface ofthe endothelial
cell (ec) and on the sarcolemma (s) can be seen. A few heaiy deposits
(arrowheads) are also scattered in the interstitial space (ecs), cl,
capillary lumen, m, mitochondria. Bar is 0.5 ,um.

Inclusion of catalase and glutathione peroxidase
in the incubation mixture prevented the formation of
precipitates in the mitochondria as well as on the
myofibrils and reduced the deposits on the sarco-
lemma and endothelial cells (data not shown). Al-
though osmication of tissue after incubation im-
proved contrast, a fine definition of precipitates
described above was completely masked and be-
came indistinguishable (Figure 9). The electron-
dense contrast seen in osmicated tissue around mi-
tochondria is not related to the H202 generation.14

Characteristic profiles of the precipitate on seven
different specific sites, including sarcolemma, glyco-
calyx, myofibrils, mitochondria, endothelial cells, and
extracellular space in non-osmicated semithin sec-
tions, were analyzed with the x-ray technique and the
results are shown in Figure 10. For this analysis, 30

Figure 9. In a 5-minute reperfused heart, osmication of the partially
fixed tissue increased contrast. However, afinegranularprecipitate itn
the mitochondria and on myofibrils is completely masked by the
osmium staining and is no longer distinguishable. A specific precipi-
tate on the sarcolemmalglycocalvx in a two-layeredpattern can still be
seen (arrows). Bar is 0.5 gtm.

Figure 10. X-ray microanalysis of cerium and phosphorus. The Ce P
ratio (A) as well as corresponding areas, numbered from 1 to 7,
analyzed in the reperfused heart are shown (B). A higher CeIP ratio
indicates a higher content ofceriumperhydroxide in theprecipitate. cl,
capillary lumen; cm, cardiac myocyte; ecs, extracelluilar space. Bar is
3. 5 ,Am. Areas 1 to 7 were randomly selectedfrom the structural as wvell
as amorphous details both in the intracellular and extracelluilar re-
gions.

grids from five hearts were studied. All precipitates
of cerium perhydroxide contained not only cerium
but also phosphate. Myofibrils showed the weakest
reaction with a Ce/P ratio of approximately 1,
whereas at other sites, the reaction ratio ranged
between 2 and 3. None of the sites showed the
deposit ratio of 16:1, the maximal concentration of
cerium perhydroxide seen in in vitro studies.

Discussion

The present study addresses a very important point
that H202-producing sites in the myocardium are
enhanced/activated during ischemia and reperfu-
sion and can be made to express under in vitro
conditions. Although precise sites of H202 produc-
tion remain to be established, its accumulation on
the sarcolemma as well as on the abluminal side of
the coronary capillaries is also documented in this
study. Increased activity at these yet undefined sites
may explain the significant increase in the myocar-
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dial content seen in this study both during ischemia
and early reperfusion.
A number of histochemical and immunocytochem-

ical methods used for the localization of oxidases in
fact rely on the localization of H202 produced with a
divalent reduction of 02 (2H + 02 oxidases H202).
Cerium ions are used to precipitate with H202
(H202 + CeCI3 -* Ce (OH)2 OOH) and the insoluble
reaction product lends itself to ultrastructural cyto-
chemistry.20 However, it has been reported that ce-
rium avidly reacts with phosphate and the reaction
has also been used for the demonstration of phos-
phatases.24 Thus in previous studies, demonstration
of NADH oxidase with cerium chloride was com-
pounded by phosphatases.14'25 In these studies, the
use of levamisole for the inhibition of alkaline phos-
phatase as well as cyanide as NADH-cytochrome
reductase inhibitor, was also recommended to avoid
a false reaction. Although inhibition of alkaline phos-
phatase in our study clearly improved the definition
of the deposits, the presence of phosphate in the
precipitate was confirmed by x-ray microanalysis.
However, for a precise localization of H202, based
on cerium product, several factors were combined in
the present study: (1) optimal conditions for tissue
processing were established; (2) alkaline phos-
phatase was inhibited to minimize interference by
phosphorus; (3) glutathione peroxidase and cata-
lase were inhibited to conserve H202 produced; and
(4) x-ray analysis was done to identify composition of
the precipitate.

The use of fresh unfixed tissue always resulted in
poor structure and in the diffusion of precipitates.
Unlike peroxidases and catalase, oxidases (except
cytochrome oxidase) are relatively sensitive to alde-
hyde fixation,26'27 but the approach of a brief tissue
pre-fixation proved satisfactory both for the produc-
tion and conservation of H202 in the heart slices as
well as for preservation of the ultrastructure. To im-
prove details as well as intensity of the reaction
product, inhibition of enzymes, namely, alkaline
phosphatases, glutathione peroxidase, and cata-
lase, was found to be essential. Addition of inhibitors
of different oxidases to differentiate specific oxi-
dases was found to be unnecessary as long as their
substrates were not provided in the incubation me-
dium. That the final reaction product involved H202
was unequivocally established by the fact that the
addition of catalase and glutathione peroxidase in
the medium caused the disappearance of the pre-
cipitate from intracellular sites as well as a significant
reduction of the reaction on the plasma membrane of
the myocytes and endothelial cells. As catalase as
well as glutathione peroxidase cause a divalent re-

duction of H202 to water, loss of the formation of
cerium perhydroxide precipitate on specific struc-
tures documents the reliability of the method for
H202 localization. Thus in the present study, the
optimal incubation medium included xanthine, tyra-
mine, levamisole, triazole, and CeCI3 in PIPES buffer.
Brief prefixation with glutaraldehyde followed by per-
fusion for 5 minutes with PIPES buffer (pH 7.8) con-
taining levamisole and triazole was found to be ad-
equate. Post-osmication as well as staining are not
recommended.

Our x-ray microanalysis data showed three times
as high a reaction on the sarcolemma as well as both
surfaces of endothelial cells as compared with the
contractile fibers. This probably represents places of
highest concentration and/or generation of H202 and
may suggest that these areas are most vulnerable to
oxidative stress injury. Generally, xanthine oxidase is
suggested to be low in a normal heart but during
reperfusion this activity increases. 12,28-30 Relatively
large amounts of reaction product throughout the
endothelial cells found in our experiments might sup-
port higher activity of xanthine oxidase in the reper-
fused rat myocardium. Another probable source of
H202 could be the mitochondria. These organelles in
the reperfused myocardium are damaged and may
therefore make more H202 than mitochondria in con-
trol hearts. H202 localization within the mitochondria
of the reperfused hearts was quite apparent in this
study. The lack of any significant H202 localization in
the mitochondria in control heart may suggest ade-
quacy of H202 reduction in these organelles in nor-
mal conditions.
An increase in H202 production after reperfusion

has been described by several authors14,21,31-34
and has also been shown by the biochemical data in
the present study. Cytochemical data suggest en-
hancement/activation of H202-producing sites as a
result of ischemia and reperfusion that could be
demonstrated in in vitro conditions in a partially fixed
tissue. In addition, our study documents specific
subcellular sites of H202 accumulation. Whether
these were also the sites of H202 production is not
defined by the data. Another interesting as well as
important revelation in the present study is the sig-
nificant increase in myocardial H202 caused by the
ischemia alone. An increase in free radicals in cor-
onary sinus blood within 1 to 5 minutes of coronary
occlusion in dogs has been reported earlier.35 Oc-
currence of free radical reactions at very low oxygen
tensions has also been demonstrated in in vitro ra-
diobiological studies.36 These data support the ar-
gument that, even under reduced oxygen tension
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during ischemia, H202 production as well as injury
can occur.

Our finding of predominant abluminal localization
contrasts with perfusion studies reporting the highest
concentration of H202 and superoxide on the luminal
surface of endothelial cells.21'32 Localization of H202
and other active oxygen species "exclusively on the
luminal side" in isolated hearts perfused with the
reaction medium21 may be the result of availability of
the substrates as well as cerium being restricted to
the luminal side. In our previous experiments of per-
fusion of hearts with incubation medium containing
CeCI3, we also found a similar localization of large
electron-dense deposits on luminal sites of endothe-
lial cells (unpublished data). Incubation of tissue
slices as used in the present study eliminates pen-
etration/diffusion problems as well as phosphate
contamination engendered in the perfusion meth-
ods. This fact may also explain previous reported
localization of the precipitate predominantly in the
lumen as well as on the luminal surface of capillary
endothelial cells.21,32

The increased amount of cytochemically demon-
strable H202 in the early reperfusion period (2 to 5
minutes) corresponded with the biochemical data
inasmuch as, at 2 minutes of reperfusion, the in-
crease in H202 was significantly more than the con-
trol, ischemic, and ischemic-reperfused hearts at 8
minutes. These changes also correlated with the
depressed contractile function. Transient post-ische-
mic injury, also called stunning, has been suggested
to be associated with a variety of subcellular abnor-
malities resulting from a pathogenic action of oxygen
free radicals.37 With electron spin resonance tech-
nology, an increase in oxygen free radicals during
the early reperfusion period in open chest dogs has
been shown.4 Species of oxygen radicals produced
during various phases of ischemia-reperfusion re-
mains to be defined. The present study documents
the accumulation of H202 during ischemia-reperfu-
sion. In this regard, perfusion of rat hearts with H202
has been reported to increase other active oxygen
species as well as cause myocardial dysfunction.38
An increase in H202, as one of the active oxygen
species in the oxygen radical chain reaction, may
not only be caused by its increased production but
may also be aided by a decrease in catalase and
glutathione peroxidase activities subsequent to an
increase in H202. In fact, inhibition of antioxidants
during hypoxia-reoxygenation as well as in ischemia-
reperfusion has been documented.1039
The present study partially answers the question

concerning the sites of H202 accumulation and/or
production. There is no definite explanation for ex-

tracellular, mitochondrial, and myofibrillar localiza-
tion of H202. Although the production of H202 within
mitochondria as well as at the sarcolemmal and en-
dothelial cell membranes may be supported by oxi-
dases, myofibrillar localization may suggest other
redox reactions and/or spontaneous dismutation of
the superoxide radical at these sites. Considering a
relatively longer half-life of H202, the possibility of its
migration to myofibrils from other sources within the
cell cannot be excluded. In any case, the present
study clearly shows an increase in H202 during the
ischemic phase and a much larger increase within
minutes of reperfusion. By using a more reliable
cytochemical approach, the accumulation of H202 in
well defined extracellular as well as intracellular sites
is reported.
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